A molecular genetic analysis has been combined with an in vitro biochemical approach to define the functional interactions required for nucleotidyl protein formation during poliovirus RNA synthesis. A sitedirected lesion into the hydrophobic domain of a viral membrane protein produced a mutant virus that is defective in RNA synthesis at 39°C. The phenotypic expression of this lesion affects initiation of RNA synthesis, in vitro uridylylation of the genome-linked protein (VPg), and the in vivo synthesis of plus-strand viral RNAs. Our results support a model that employs a viral membrane protein as carrier for VPg in the initiation of plusstrand RNA synthesis. Our data also suggest that a separate mechanism could be used in the initiation of minusstrand RNA synthesis, thereby providing a means for strand-specific regulation of picornavirus RNA replication.
A molecular genetic analysis has been combined with an in vitro biochemical approach to define the functional interactions required for nucleotidyl protein formation during poliovirus RNA synthesis. A sitedirected lesion into the hydrophobic domain of a viral membrane protein produced a mutant virus that is defective in RNA synthesis at 39°C. The phenotypic expression of this lesion affects initiation of RNA synthesis, in vitro uridylylation of the genome-linked protein (VPg), and the in vivo synthesis of plus-strand viral RNAs. Our results support a model that employs a viral membrane protein as carrier for VPg in the initiation of plusstrand RNA synthesis. Our data also suggest that a separate mechanism could be used in the initiation of minusstrand RNA synthesis, thereby providing a means for strand-specific regulation of picornavirus RNA replication.
Replication of the genomic RNAs of positive-strand viruses of the family Picornaviridae produces viral RNAs containing a small protein (VPg) covalently attached to their 5' ends (11, 26) . Specific viral polypeptides are required for the enzymatic activities associated with picornavirus RNA replication. For example, a primer-and RNA-dependent RNA polymerase (polypeptide 3DPOI) is responsible for elongation of RNA strands (9, 10, 22, 37) , and the covalent attachment of VPg to viral RNA is an absolute requirement for genome replication in vivo (28) . However, the roles of other viral proteins and the participation of host cell proteins in RNA replication have not been clearly established (for reviews, see references 19, 29, and 31) . The mechanism of initiation of viral RNA synthesis has proven to be especially intractable. For poliovirus, a member of the picornavirus group, two possible mechanisms for initiation of nascent RNA chains have been proposed. One model, based primarily on in vitro synthesis of minus-strand RNAs, involves a template priming step that requires a "host factor" (7) to act as a terminal uridylyltransferase and add a small number of uridylate residues to the 3'-terminal poly(A) of virion plusstrand RNA (2) . A poly(A)-oligo(U) hairpin would then form and act as a primer for the elongation activity of 3DPo1. The generation of unit-length product RNA linked to VPg is the result of a second step in which VPg (or a precursor of VPg) participates in a trans-esterification reaction to initiate a concerted cleavage and linkage step (35) .
A second mechanism for initiation of poliovirus RNA synthesis has been proposed in which either VPg, a polypeptide precursor to VPg, or a uridylylated derivative of VPg acts as a primer for the viral RNA polymerase (25, 32, 33) . The in vitro synthesis of VPgpU(pU) (the 5'-terminal moiety of both plus-and minus-strand RNAs) was demonstrated in a membranous replication complex (called the crude replication complex [CRC] ) isolated from infected HeLa cells (33) . It was later demonstrated that preformed VPgpU can be chased into VPgpUpU and nucleotidyl proteins containing nine or more of the poliovirus 5'-proximal nucleotides (32) . The synthesis of VPgpU(pU) (as in the case of full-* Corresponding author. length viral RNA) is strictly dependent on the presence of intact membranes (32) . These studies have also provided evidence for the role of cytoplasmic membranes in the initiation of RNA synthesis, since poliovirus RNA replication occurs on smooth membranes in infected HeLa cells (5) . In addition, the following observations support a model in which VPgpU can function as a primer for poliovirus plusstrand synthesis within a membranous environment: (i) VPg is attached to the 5' end of the RNA genome of poliovirus, to the 5' end of the intracellular plus-strand RNA (except mRNA associated with polyribosomes) and minus-strand RNA, and to all nascent RNAs (26, 27) ; (ii) antibodies against VPg immunoprecipitate VPg as well as VPgpUpU from infected cells (6) ; and (iii) in in vitro replication reactions, anti-VPg antibody specifically inhibits initiation of viral RNA synthesis (3, 24) .
Since VPg is a strongly polar (basic) protein, it must be delivered to the hydrophobic site by a lipophilic carrier. Three polypeptide precursors of VPg, P2-3AB, 2C-3AB, and 3AB, were found specifically associated with membrane fractions of poliovirus-infected cells, presumably because they contain a nonpolar sequence of 22 amino acids just amino terminal to the amino acid sequence of VPg (30, 34) . The smallest VPg-containing polypeptide, 3AB (12,000 Da), is a likely candidate for a donor of VPg to the membraneassociated poliovirus RNA-synthesizing complex because it is an abundant viral product of proteolytic processing that appears to turn over very slowly (34) . Moreover, inspection of the amino acid sequences of polypeptides 3AB of the three strains of poliovirus and of other closely related picornaviruses, coxsackievirus and human rhinovirus, indicates the presence of a similar, nonpolar amino acid sequence preceding VPg (12) . Conservation of such a hydrophobic domain among different picornaviruses adds further support for its proposed role in viral RNA replication.
The existence of poliovirus cDNA clones which produce infectious virus upon (8) . Total cytoplasmic RNA (10 [ig) from each sample was denatured with glyoxal and dimethyl sulfoxide. After denaturation, each sample was divided into two equal portions, and each portion was fractionated (in parallel) in two 1% agarose-NaH2PO4 gels as described by Maniatis et al. (23) . RNA contained in each gel was transferred (in parallel) to two GeneScreen Plus membranes (Dupont). The efficiency of the transfer was analyzed by staining the gels with ethidium bromide after the transfer. Membranes were prehybridized for approximately 4 h at 50°C in 5 x Denhardt solution-6x SSC (0.9 M sodium chloride, 0.09 M sodium citrate)-0.5% sodium dodecyl sulfate (SDS)-500 jig of denatured salmon sperm DNA per ml. Hybridization was for approximately 18 h at 50°C in lx Denhardt solution-S x SSC-0.5% SDS-500 ,ug of denatured salmon sperm DNA per ml and 32P-labeled poliovirus-specific synthetic oligonucleotide probes. After hybridization, membranes were washed in 6x SSC-0.5% SDS three times for 10 min at room temperature and one time at 50°C for 30 min and then one time in 2 x SSC-2% SDS at 55°C for 30 min. Hybridized filters were exposed to XAR film for different amounts of time.
Synthesis of VPgpU(pU) and RNA in vitro. CRCs were prepared from mutant-or wild-type-infected HeLa cells as described by Takeda in vitro reaction mixtures. After different times of incubation at 33 or 39°C, the reactions were stopped by addition of SDS to a final concentration of 0.5%. One-fifth of each reaction mixture was used to analyze RNA synthesis, and the rest was used to detect synthesis of VPgpU(pU). To detect viral RNA synthesis, the reaction mixture was treated with proteinase K in the presence of 2% Sarkosyl, and RNA was extracted with phenol-CHCl3 (1:1), precipitated with ethanol, and analyzed by 0.8% agarose gel electrophoresis. Analysis of VPgpU(pU) synthesis was carried out by immunoprecipitation of 32P-labeled VPgpU(pU) with a 1:1 mixture of anti-VPg (C7) (30) and anti-VPg (N10) (33) . Immunoprecipitations were carried out as described by Takeda et al. (32) . Immunoprecipitated VPgpU(pU) was then subjected to electrophoresis on a 20% SDS-polyacrylamide minigel (BioRad), using a Laemmli gel buffer system with a separating gel of pH 8 instead of the normal pH 8.8 separating gel. RESULTS Viral RNA synthesis in mutant-infected cells at permissive and nonpermissive temperatures. The initial characterization of mutant 3AB-310/4 indicated that the change we introduced in the hydrophobic domain of polypeptide 3AB (Thr-67 to Ile; Fig. 1 (Fig. 2B) , and the maximum level of RNA synthesized was about three times lower than the maximum level of RNA synthesized by the wild-type virus at the permissive temperature ( Fig. 2A) (Table 1) . Therefore, the minus-strand RNA/plusstrand RNA synthesis ratio induced by the mutant at 39°C was at least 10 times higher than the ratio induced by wild-type virus. This result indicated that the mutation in polypeptide 3AB affected mostly plus-strand RNA synthesis.
We next carried out temperature shift experiments to further analyze the RNA synthesis defect of 3AB-310/4. In the experiment shown in Fig. 4 We next analyzed the kinetics of synthesis of nucleotidyl protein in crude membrane extracts isolated from mutantinfected cells that were shifted to the nonpermissive temperature and incubated at that temperature for 2 h before harvesting. These results were compared with those obtained with wild-type extracts and with mutant extracts isolated from cells incubated at 33°C throughout the infection. In the same experiment, we also analyzed the kinetics of RNA synthesis induced by these three different extracts. The kinetics of synthesis of VPgpU(pU) in wild-type CRC were similar at both temperatures (Fig. 6A) and in vitro-synthesized RNA products (B) was determined. Synthesis of VPgpU(pU) at different times was determined as described for Fig.  5 . Only the lower portions of the autoradiograms, in which the nucleotidyl proteins were detected, are shown. The in vitro-synthesized RNA products were recovered by extraction with phenol-choroform (1:1) and analyzed by 0.8% nondenaturing agarose gel electrophoresis. Shown are the autoradiograms of the gels. The gels containing mutant samples were exposed four times longer than those containing wild-type samples.
sized during the first 30 min of incubation, and after this time the amount of VPgpU(pU) detected remained almost constant. Laser densitometric scanning of appropriate exposures of the autoradiograms indicated that the maximum level of VPgpU(pU) present in wild-type in vitro reaction mixtures incubated at 39°C was about two times lower than the maximum level reached at 33°C. The kinetics of synthesis at the permissive temperature of VPgpU(pU) by CRC isolated from mutant-infected cells incubated at 33°C were somewhat similar to the ones showed by wild-type CRC, but the maximum amount of nucleotidyl protein synthesized was about two times lower than that synthesized in wild-type reaction mixtures incubated at 33°C. At the nonpermissive temperature, the amount of nucleotidyl protein synthesized by mutant CRC was considerably reduced. After 15 min of incubation, the maximum level was reached. This level of synthesis was approximately 7 times lower than the level achieved by the mutant CRC at 33°C, producing a 39-to-33°C ratio 3.5 times lower than that obtained for the wild-type virus. These results provide independent confirmation of our previous result (Fig. 5) . Taken together, our data indicate that synthesis of VPgpU(pU) by mutant 3AB-310/4 is thermosensitive. Moreover, CRC prepared from mutant-infected cells that had been shifted to 39°C for 2 h before harvesting resulted in extremely reduced synthesis of VPgpU(pU) at 39°C. Interestingly, when this mutant CRC was incubated at 33°C, a clear increase in nucleotidyl protein synthesis was observed during the first hour of incubation, indicating that the temperature-sensitive defect was partially reversed.
Analysis of the kinetics of in vitro synthesis of the 
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The efficiency of synthesis of viral RNA by mutant CRC prepared from cells shifted to 39°C 2 h before harvesting was dramatically reduced at both temperatures. At 39°C, almost no RI RNA and ssRNA formation was detected, and the major form of viral RNA synthesized was RF RNA. When the RNA synthesized by mutant CRC at 39°C was analyzed in denaturing agarose gels (not shown), we observed that it migrated as a 7.5-kb RNA, suggesting that no dimer-size molecules were formed during the reaction. Higher levels of RNA synthesis were observed when the mutant CRC was incubated at 33°C. Under these conditions, all viral RNA forms (RI RNA, RF RNA, and ssRNA) were detected. The kinetics of synthesis of the different forms of RNA were similar to those obtained for wild-type virus at 33°C except that ssRNA formation was delayed by about 1 h and considerably less RNA was synthesized overall. Thus, in agreement with what was detected above for formation of nucleotidyl protein at 33°C, our in vitro RNA synthesis data suggest that the temperature-sensitive defect was partially rescued during incubation at the permissive temperature.
DISCUSSION
Our results have addressed the role of a viral membrane polypeptide (3AB) in picornavirus RNA replication. Two unique features of the RNA synthetic process suggest the need for such a protein. First, the generation of VPg-linked RNA requires cleavage of VPg from a precursor polypeptide prior to or shortly after the formation of nucleotidyl protein complex. Second, the synthesis of viral RNAs on membrane-bound replication complexes may require a specific association with a hydrophobic stretch of amino acids in a viral replication protein, either as a means of physically linking the complex to membranes or as a means of delivery of the charged peptide (VPg) to the hydrophobic environment found in such complexes. The genetic and biochemical results with our mutant (3AB-310/4) provide evidence for the role of protein 3AB in this unique replication process. It is of interest that a poliovirus mutant in protein 3A was isolated by Bernstein and Baltimore (4). The mutant, 3A-2, contained an amino acid insertion near the amino terminus of protein 3A. This mutation produced a cold-sensitive virus defective in plus-and minus-strand viral RNA synthesis at the nonpermissive temperature. Temperature shift experiments suggested that the altered function was expressed only during the early (exponential) phase of RNA synthesis. The in vivo and in vitro analyses of 3AB-310/4 reported here indicate that the phenotypic expression of 3A-2 is very different from that of mutant 3AB-310/4. It appears that polypeptide 3AB may be composed of different domains that affect different functions in RNA synthesis.
The temperature shift experiment (described above) indicated that we were not able to completely rescue the RNA-minus phenotype of mutant 3AB-310/4. RNA synthesis was normal immediately after the shift, indicating that the elongation function was not affected by the mutation (Fig. 4) . This was expected, since 3DPo1 is the only viral protein required for elongation (9, 10, 22, 37) . The normal kinetics of viral RNA synthesis induced by CRC isolated from HeLa cells infected with 3AB-310/4 at 33°C but incubated in vitro at 39°C confirmed this result (Fig. 6B) . In addition, the synthesis of ssRNA observed in such extracts incubated at 39°C indicated that the release of newly synthesized RNA strands from the replicative complexes was not defective (Fig. 6B) The loss of the RNA synthetic capability observed in mutant-infected cells after the temperature shift-up (Fig. 4) (Fig. 5) . The in vitro kinetics of synthesis of nucleotidyl protein and their correlation with the kinetics of synthesis of different viral RNA forms (Fig. 6) It is of interest that temperature-sensitive synthesis of nucleotidyl protein was reported for the attenuated Sabin derivative of poliovirus type 1 (36) . A molecular genetic analysis demonstrated that the defect was associated with the viral polymerase, suggesting that uridylylation of VPg may be catalyzed by 3DP01. Although extensive mutational analysis of VPg has been described, no temperature-sensitive mutants mapping in VPg have been isolated to date (17, 18, 28) .
The mutation that we engineered in 3AB-310/4 affected the kinetics of viral RNA synthesis at permissive and nonpermissive temperatures (Fig. 2) . At 33°C, RNA synthesis was less efficient, so delayed kinetics and lower yields of RNA were observed. At 39°C, almost no RNA synthesis was detected. This in vivo analysis correlated well with the less efficient in vitro kinetics of viral RNA synthesis detected in the mutant CRC (Fig. 6B) . Interestingly, plus-strand RNA synthesis was dramatically reduced during infection of HeLa cells by 3AB-310/4 at 39°C (Fig. 3) , while minus-strand synthesis was reduced to a lesser extent, probably as a consequence of the reduced number of plus-strand RNA templates. In addition, mutations that disrupt the formation of a ribonucleoprotein complex at the 5' end of poliovirus RNA that selectively affected positive-strand RNA accumulation have been described recently (1) . This complex may play a role in organizing viral and cellular proteins involved in plus-strand RNA synthesis. Since the viral RNA polymerase is able to elongate both strands, the differences in plusand minus-strand RNA yields in mutant-infected cells raise the possibility that two different mechanisms for initiation of poliovirus RNA synthesis are involved.
As a result of our data demonstrating that mutant 3AB-310/4 is impaired in plus-strand RNA synthesis, we suggest that the protein-nucleotidyl protein primer model for initiation of RNA synthesismay, in part, provide a mechanism for generation of plus strands during poliovirus infection. Such a model accounts for RNA synthesis taking place in a membranous environment and provides a mechanism for the delivery of a hydrophilic protein (VPg) to RNA chains via a lipophilic carrier polypeptide (3AB). We have shown here that a lesion in 3AB impairs both the production of uridylylated VPg and in vivo initiation of plus-strand RNA synthesis, providing biochemical and genetic evidence for the mechanism described above. Our results do not preclude a separate model that has been proposed to explain the in vitro generation of minus-strand RNAs. Such a model accounts for the observed in vitro synthesis of dimer-size RNA molecules by the activity of purified 3D RNA polymerase and a relatively crude preparation of host factor (15, 21, 38) . Such dimers have been recently shown to be templates for a self-catalyzed VPg linkage reaction that produces unit-length minus strands attached to VPg via a tyrosine-phosphate bond (35) . This latter activity in RNA synthesis should not be affected by the mutation that we engineered in 3AB-310/4. Indeed, we found that minus-strand RNA synthesis was not primarily affected in mutant-infected HeLa cells. We were also unable to detect an increased accumulation of dimerlength RNA molecules in cells infected with 3AB-310/4 at 39°C or in in vitro RNA synthesis reactions at 39°C using a CRC from mutant-infected cells. It will be important to determine whether such differential mechanisms for initiation of RNA synthesis can account for multiply initiated nascent plus strands in the form of RI RNA that uses a minus-strand template and single-run synthesis of minus strands in the form of RF molecules that use a plus-strand template.
